In this paper the effect of nitriding followed by shot peening is investigated on the fatigue threshold of a low-alloy steel by means of experimental rotating bending tests carried out on sandglass specimens containing a micro-hole acting as a pre-crack. Different sizes of micro-hole obtained with different processes were considered to assess the influence of crack dimension on fatigue strength in the field of short cracks.
Introduction
Great advances in technology require better materials with better mechanical properties, able to resist high stresses, fatigue, wear…. Surface treatments are actually used to improve these properties, thus permitting to improve the performance of components and to reduce their weight and volume. In terms of fatigue, nitriding and shot peening are known as two of the most effective methods to increase components' strength.
In particular, shot peening is one of the most widely used treatments for improving fatigue strength of metal components [1, 2] . It consists in impacting a surface by a flow of shots with a kinetic energy sufficient to induce plastic deformation and to introduce compressive residual stresses and material hardening on and just under the free surface, useful to stop or prevent crack propagation [3, 4] . Since the plastically stretched surface layer tends to expand and the adjacent elastically responding material immediately around and below the impact restrains the expansion, a compressive residual stress field is generated in the near surface layers. High compressive residual stresses are confined to a shallow surface layer while low tensile residual stress spreads deeper through the cross-section. The extension of the compressive stress field and material hardening depends upon the properties of the material, the characteristics of the shot stream (size, composition, hardness…), the velocity of the shot, the angle of shot impact, the area being peened, and the time of exposure to the shot stream [5] .
If we refer to steels, in the literature it is possible to find many papers attesting that shot peening is more effective if it is applied to high strength steels, in which surface and subsurface defects play an important role in the reduction of the fatigue limit [6] . This is due to the fact that the residual stress field induced is more stable during the life span of a component. In particular, it is possible to find many studies and researches about shot peening application to carburized elements (i.e. [7, 8] ).
The case of nitriding plus shot peening is less investigated and applied; this is usually attributed to the fact that nitriding is able by itself to give adequate hardness and fatigue strength. Gas-nitriding consists in putting a steel part in a nitrogenous gas atmosphere, generally ammonia, at temperature of 500°C-550°C for a time sufficient to obtain the formation of hard compounds. The improvement in fatigue strength is due to the residual stress field and the strain hardening induced. Another reason why usually nitriding is used as unique treatment is due to the fact that, in high-cycle fatigue applications, cracks in nitrided elements start from an internal inclusion, thus preventing to make effective the residual stresses induced by shot peening, at least without a strong notch effect [9] .
If smooth specimens were considered to assess crack propagation, this latter would start from an internal inclusion [10] , preventing the possibility to determine the fatigue strength of the surface layer of material. Due to this, for studying the fatigue strength of the surface treated layer, tests on samples with an artificially obtained small surface defect [11] , acting as a pre-crack, can be used.
In this paper the fatigue strength of a nitrided and shot peened low alloy steel was assessed. Rotating bending fatigue tests were carried out on specimens including a micro-hole of, obtained by means of two different methods. The tests allowed to analyse the behaviour of the nitrided and shot peened layer with respect of crack propagation, and to assess the influence of the micro-hole dimension and the method used to obtain them on fatigue threshold value K th . The results allow assessing the important role played by shot peening to improve the fatigue behaviour of the material.
Experimental Investigations
The material studied in this work is steel 42CrMo4 UNI EN 10083 (UTS=1100 MPa, Yield Strength=950 MPa, Elastic Modulus E=206,000 MPa, Elongation A=10%; chemical composition: C=0.4%, Mn=0.6%, Si=0.15%, Cr=1.1%, Mo=0.2%, Pb0.035%, Sb0.035%).
Four different series of 15 sandglass specimens were considered, being all of them gas nitrided (temperature T=520 °C, duration of gas nitriding t=50 h) and then shot peened with an Almen intensity equal to 16 A. In the minimum section of all the specimens, after nitriding and shot peening, a micro-hole was done ( Figure 1 ). On two series the micro-holes were obtained by controlled electro-erosion (NSPE, (nitrided shot peened; electro-erosion) in the following pages of the paper). This method slightly modifies the pre-existent residual stress field and the local mechanical properties of the material compared with procedures that use a mechanical tool. In the other two series micro-holes were obtained with the help of indentation using two different loads: 600N and 1000N, one for each series (NSPI, nitrided shot peened; indentation). This method is much more invasive than electro-erosion, and is more similar to an accidental damage caused by a scratch or an impact on the material surface, common on real components during their span life. In all cases, the obtained micro-holes were small enough to be considered as small cracks, acting like a pre-existent defect [5] . They were machined to have a preferential site for fatigue crack initiation, making also possible to observe the evolution of a crack starting from this point in the case of run-out specimens, due to some non-propagated cracks starting from the micro-hole. The white layer was not removed, thus making the analyzed case more similar to practical situations, even if the application of shot peened accidentally and partially removed it.
Rotating bending fatigue tests were carried out on all series. The samples not broken after 3E+06 cycles were considered run-out. The tests allowed assessing the fatigue behavior of the nitrided and shot peened steel as a function of defects dimension and the manner in which they were produced.
The sub-surface layer of material was characterized also by measuring the residual stresses by means of an AST XStress 3000 X-ray diffractometer (radiation Cr K , {211} diffraction planes of the -Fe phase, irradiated area 1 mm 2 , sen 2 method, 11 angles of measurement). Electro-polishing device, that prevents alteration of the pre-existent residual stress state, was used to remove material in order to know residual stresses in-depth trend. The results of the in-depth residual stress measures were corrected by using the method described in [12] .
The X-ray diffraction measurements allowed researchers to obtain other important information about the surface state of material: the width of the diffraction peak at half the maximum value of diffraction (FWHM). This quantity is related to the grain distortion, to the dislocation density and to the so called type II micro residual stresses [13] . It is assumed as an index of the hardening of the material, that is to say that the larger is the FWHM the larger is the hardening of the measured surface.
SEM observations were executed on broken and run-out specimens and the presence of arrested cracks was detected on these latter. Also it was possible to measure the dimension of the created defects.
Results
To assess the fatigue behaviour of a nitrided and shot penned 42CrMo4 UNI EN 10083 steel, with superficial defects of different size obtained by two different methods, rotating bending tests were performed. To help understanding and justifying the results, residual stresses and FWHM measurements were executed also on only nitrided samples. The results (see Figures 2 and 3) evidence the increment of residual stresses and work hardening values on nitrided and shot peened (NSP) samples with respect to the just nitrided ones (N). Figure 5 shows the micro-holes of run-out specimens broken by brittle fracture in liquid nitrogen. In all of them is possible to observe the presence of non-propagated cracks started from the micro-hole. From these figures it is possible to measure the dimensions and also to calculate the root square of the propagation area, which is the dimension that influences the fatigue behaviour in the field of short cracks [14] . These values are shown in Table 1 . The results of rotating bending tests of the four series of samples with different size dimensions obtained by indentation and electro-erosion were analyzed in terms of K th by using the analytical formula [15] :
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Kth=0.65* lim* ( · area)/ 1000 (1) in which lim* is the fatigue limit obtained by the tests. On the basis of the hardness and the X-Ray measurements an estimation of the expected results was also calculated using the formula (2) proposed by Murakami and using the formula (3) proposed by the authors [10] on the basis of the experimental formula defined by Murakami [14] :
where =0.226+HV·10 -4 , area is the projected shape of the initial defect [14] , R is the stress ratio in terms of the stress intensity factor range, and HV is the measured hardness. FWHM N and FWHM NSP are the values obtained by the diffractometer in nitrided and nitrided plus shot peened samples respectively. This formula takes into account the peculiar behaviour of the "short crack" due to the dimension of the considered defects. The results obtained with the experimental formula (1) and the results taken from theoretical ones (2) and (3) are shown in Table 1 . From this, it is possible to see that the results from formula (3) are in good agreement with those from formula (1), while those from formula (2) are about 30% lower. This fact evidences the importance of the hardness improvement due to the shot peening treatment represented by means of FWHM parameter.
On the other hand, if we compare the results of NSE'' E ( K th =24.67 MPa m) with the results obtained in [10] for the same samples but just nitrided ( K th = 14.2 MPa m), it is easy to see that shot peening treatment improves strongly the fatigue threshold value.
These results of Table 1 are also shown in Figure 6 where it is possible to observe that K th depends on the defect dimension. The bigger is the defect the higher is the K th value. This is in good agreement with the Kitagawa diagram [16] . The influence of the method used to obtain the defects is not marked in this case. This could be due to the fact that work hardening introduced by shot peening is the predominant effect in modifying the fatigue behaviour of nitrided steels with small defects. That is to say that although indentation method can influence and partially relax the residual stresses field, the work hardening is able to enhance the fatigue threshold of the material. This was also noted by the authors in a previous paper [10] . Electro-erosion- (2) Indentacion- (1) Electro-erosion-(1) Figure 6 . Experimental (Eq. (1)) and estimated (Eq. 2) fatigue threshold of the material by considering different defect sizes and the different procedures to obtain the defect.
Conclusions
The effect of surface defect size and the method to generate them, on bending fatigue behaviour of a low-alloy nitrided and shot peened steel was studied in terms of K th . The size of the micro-holes on all series was small enough to consider the test in the field of short crack regime. It was found that the fatigue threshold K th of the series with bigger defects are bigger than the ones of series with smaller defects as Kitagawa diagram shows [16] .
The method used to obtain defects has smaller influence on fatigue threshold than micro-hole dimension. Since the way of introducing the defect affects the residual stress field (in particular mechanical indentation that causes plastic deformation, strongly modifying the residuals stress filed induced by shot peening), it could be interpreted as the fact that surface work hardening induced by shot peening is an important factor in determining the improved fatigue behaviour of nitrided steels after shot peening, at least when they have small surface defects.
A formula to assess the short crack threshold of nitrided and shot peened steels derived from the Murakami one and previously proposed by the authors [10] was applied to elaborate the data. This formula considers the surface work hardening due to shot peening by means of FWHM parameter. The results show the method gives a good correspondence with the experimental data and is able to correctly consider the role of surface work hardening induced by shot peening on fatigue behaviour of nitrided steels even if it is not able to consider the slight difference due to the way the defect is obtained.
